Abstract: R&D investment plays a great role in achieving China's low-carbon economy goals, which has a moderating effect on the relationship between income and carbon emissions. Furthermore, such a moderating effect may have spatial differences, given the possible spatial dependence of carbon emissions. Therefore, this paper explores the direct and spatial spillover moderating effects of R&D investment by adopting the panel spatial Durbin model and data of 30 provinces in China during 1998-2015. The empirical results firstly indicate that R&D investment moderates the positive impact of income on local carbon emissions for both the non-spatial and spatial model, and that more R&D investment can make carbon emissions reach the turning point earlier. Secondly, R&D investment in the local province increases the positive influence of local income on neighboring carbon emissions, which mainly results from the transfer effect of carbon emissions rather than the knowledge spillovers effect. The results are indicated to be robust by three types of robustness analyses. Finally, FDI and patents are the main constrained forces of local and neighboring carbon emissions; coal consumption is the main driver of local carbon emissions.
Introduction
China has set a series of national targets for carbon emissions reduction, to combat climate change and to achieve sustainable development. The main challenge is to ensure relatively high economic growth occurs while cutting carbon emissions in China. Therefore, the relationship between income and carbon emissions is extensively analyzed, especially in regards to the Environmental Kuznets Curve (EKC) hypothesis. However, previous literature has barely investigated the role of R&D investment on income and carbon emissions. In fact, technological progress induced by R&D investment has a great significance in achieving China's low-carbon economy goals.
Although economic development increases carbon emissions in the rapid development stage for China, factors such as industry structure, energy consumption structure and technology development level could help to curb carbon emissions [1] . However, China's industry structure change has provided little contribution to energy intensity or carbon emissions reduction thus far [2, 3] , and it is difficult for China to change the energy consumption structure that has been dominated by coal in a short time [4] . Despite this, technological progress is viewed as the main promising trend for reducing carbon emissions. R&D investment in technological innovation activities provides an opportunity to improve production techniques or adopt cleaner technology, resulting in a reduced use of inputs and/or the adoption of less polluting technologies in the process of goods production-decreasing energy consumption and carbon emissions [5] . The better technology promoted by R&D investment may result in a leveling off and gradual decline in environmental degradation [6] . Thus, R&D investment may have a moderating effect in decreasing the positive impact of economic development on carbon emissions.
Furthermore, such a moderating effect may have spatial differences, given the possible spatial dependence of carbon emissions. Therefore, it would be better to distinguish the direct moderating effect and the spatial spillover moderating effect of R&D investment. The former refers to the moderating effect of R&D investment on the relationship between income and carbon emissions in the local region, which is supposed to make local carbon emissions progress towards the turning point earlier. The latter is the moderating effect of local R&D investment on the relationship of local income and neighboring carbon emissions, which is more complicated. On the one hand, it is convenient to obtain R&D spillovers to facilitate neighboring technological progress for reducing carbon emissions [4] , i.e., the knowledge spillover effect. However, on the other hand, regions with higher R&D investment may have a higher level of economic development or environmental innovation/regulation [7] . Higher R&D investment may make the backward production facilities or energy-intensive industries transfer to neighboring regions, resulting in more carbon emissions, i.e., the transfer effect of carbon emissions.
In response, this paper explores the moderating effect of R&D investment on the relationship between income and carbon emissions, and distinguishes its direct and spatial spillover effects by adopting the panel spatial Durbin model and the panel data of 30 Chinese provinces during 1998-2015. The contribution of this paper can be summarized by two features: first of all, this paper explores the effect of income on carbon emissions by investigating R&D investment's moderating role, which obtained much less attention in previous literature. Second, given the spatial dependence of carbon emissions, this paper distinguishes the direct and spatial spillover moderating effects of R&D on the relationship between income and carbon emissions, to avoid the possible bias involved in ignoring spatial dependence.
The remainder of this paper is as follows: Section 2 reviews related literature; Section 3 proposes models to investigate the moderating effects of R&D investment and data definitions; and Section 4 presents the results and detailed discussions. Section 5 concludes the paper with proposals for some policy implications.
Literature Review
We review the literature mainly from the two aspects: (1) the relationship of income, technological progress and carbon emissions, (2) the spatial dependence of carbon emissions.
Since the proposal of the IPAT (Impact = Population· Affluence· Technology) framework [8] , many previous studies have separately analyzed the effect of income and technology on carbon emissions [9] . First, researchers have proposed several different relationships between income and carbon emissions, such as a linear relationship, an inverted-U shape, and an N shape [10] . The widely discussed inverted-U relationship between emissions-income, i.e., the EKC, is controversial [11] . For example, while employing panel co-integration to examine the EKC hypothesis in 43 developing countries, Narayan et al. [12] found that a country reduces carbon dioxide emissions as its income increases if short-run income elasticity is bigger than the long-run elasticity. Agras and Chapman [13] included prices in an econometric EKC framework for testing energy-income and carbon emissions-income relationships, and found no significant evidence for the existence of an EKC for energy-income.
Second, it is generally acknowledged that technological improvement is the primary factor of decreasing carbon emissions. Cheng et al. [14] assert that in China, technological progress plays the most important role in reducing carbon intensity, although industrial structure optimization is also conducive. The technological factor is represented by such non-uniform indicators as total factor productivity, energy intensity [15] , the share of the industry and service sectors in GDP [16] , R&D investment [17] , trade [18] , or foreign direct investment (FDI) [19] . These indicators have a different impact on carbon emissions. Huang et al.'s [20] empirical results indicate that both indigenous R&D activity and import technology spillover play an important role in decreasing China's carbon emission intensity, and technology spillovers originating from FDI and export are also helpful. Yang et al.'s [21] analysis focuses on the effects of different technological factors on industrial carbon emission intensity in China, indicating that indigenous R&D activity and interregional R&D spillovers can decrease carbon intensity.
Researchers further recognize that the emissions in one country (region) can affect emissions in adjoining countries (regions). Studies ignoring the spatial effects of emissions may incorrectly interpret the emissions changes in some countries over time [22] . Cheng et al. [23] empirically test the effects of different types of environmental policies and regulations on emissions reduction and technological progress by dynamic spatial panel models in China during 1997-2014. The results confirm significantly positive spatial autocorrelation for pollutant emissions and technological progress. Hao and Liu [24] examined whether and how such socioeconomic development indicators as GDP per capita, industry, and transport affect air quality using two spatial econometric models, based on 2013 PM2.5 concentration data and the Air Quality Index of 73 Chinese cities. Burnett et al. [25] , Cheng et al. [26] , and Hao et al. [27] also determined the spatial dependence of environmental pollution.
As for the spatial spillover effect of technology on carbon emissions, two opposite channels have been identified. Li et al. [28] found that the spatial agglomeration of high-tech industry brings knowledge spillover in China, which is beneficial to the emergence and diffusion of new knowledge and technology. As such, an increase in high-tech industries will help to reduce carbon emissions. Yang et al. [29] concluded that technology has a positive spatial spillover effect on carbon emissions in China, since an increase of technology proxy in a region can decrease the carbon emissions intensity of neighboring regions. However, some researchers hold a contrary point of view because of the carbon emissions transfer induced by interregional trade and industrial transfer. Studying the carbon emissions transfer caused by interregional trade among China's provinces, Guo et al. [30] found that the net transfer of embodied carbon emissions occurs from the eastern area to the central area, and that the central and western areas need supportive policies to avoid the transfer of industries with high emissions. Excluding the influence of trade balance, Zhang et al. [31] found that regional carbon spillover is mainly concentrated in the coastal provinces but it contributes to an increase of carbon emissions in the central and western regions, and the coastal and inland provinces contribute to the increase of national carbon emissions through interregional imports and exports. In addition, because of differences in the economic development, technological progress and diffusion effects among regions, industrial transfer has been occurring [32] . Xu et al. [33] reveal that for every 1% increase in industrial transfer, there is a 0.327% increase in industrial carbon transfer before passing the turning point. Sun et al. [34] find that the transfer amount of carbon emissions in China's most provinces is relatively large, and on the whole, the carbon emission import is higher than the export.
Also, only very little literature examines whether R&D investment can promote/moderate the impact of income on carbon emissions, i.e., whether R&D investment can enforce carbon emissions reaching the turning point at lower income level (earlier), which may ignore the effect of technological progress on the relationship between income and carbon emissions. Besides, previous literature ignores the spillover effects of R&D investment on carbon emissions. Of the limited literature, Yin et al. [10] analyze the moderating effect of technical factors on EKC by taking R&D intensity as moderating factors. They find that technological progress restrains carbon emissions during its increasing stage and accelerates its decrease during the decreasing stage. Liobikienė and Butkus [35] reveal that an increase in technological progress (energy efficiency) by 1% could lead to a 0.87% direct reduction of Green House Gas, and a 0.18% indirect increase through induced economic growth.
In sum, while abundant previous studies explore the relationship of carbon emissions, income, and technological progress with many rich implications, there are still several aspects in need of improvement. For instance, previous studies focused on investigating the emissions-income relationship or the effect of technological progress on reducing carbon emissions, ignoring the indirect or interacting impacts of technological progress and income, especially the spatial spillover moderating effect of R&D investment. Many studies also ignored the spatial effects of carbon emissions and the spillover effects of influencing factors. These limitations will be avoided in this paper by adopting the spatial Durbin model (SDM), which investigates (1) whether the direct and spatial spillover effects of R&D investment moderate the relationship between income and carbon emissions (per capita); and (2) the direct and spatial spillover effects of related factors influencing carbon emissions (per capita).
Methodology and Data Definitions

Panel Data Model
Dietz and Rosa [36] extended IPAT to Stochastic Impacts by Regression on Population, Affluence and Technology (STIRPAT) model of
where I is the environmental quality; b, c, and d are the elasticity of population (P), affluence (A) and technology (T) respectively; a is the constant term and e is the error term. The IPAT or STRIPAT framework allows us to decompose or modify the influencing factors [37] . Thus, we can add other factors to analyze their impact on environmental quality provided that they are conceptually appropriate for the multiplicative specification of the model [38] . Due to the possible inverted-U income-emissions relationship [39] [40] [41] , the EKC hypothesis is expressed as
where CO2 it , PGDP it and RD it represent carbon emissions, income (GDP per capita), and R&D investment of province i in year t. x itk (k = 1, . . . , 5) are the control variables [21, [42] [43] [44] [45] , representing ln pop it , ln patent it , ln FDI it , ln service it , and ln coalc it respectively. These are logarithm forms of population (pop), number of accepted patents (patent), actually utilized FDI (FDI), the added value of service industry/GDP (service), and coal consumption/total energy consumption (coalc) of province i in year t. β 1 − β 3 and α k are coefficients to be estimated; µ i and ν t are individual effects and time effects, and ε it is the error term. In Equation (2) , if β 1 is significantly positive and β 2 is significantly negative, which indicates the inverted-U relationship of income and carbon emissions. Carbon emissions have a maximum turning point when income reaches −β 1 /2β 2 . Supposing that the economy had not experienced any technological or structural changes, pure economic growth would give rise to carbon emissions growth. However, along with the better technology promoted by R&D investment, structural changes towards services or high-technology industries and energy-saving technologies application result in a leveling off or gradual decline in carbon emissions. It is the economic growth through technological progress that brings about a decline of carbon emissions, but not solely the pure income improvement. Thus, technological progress induced by R&D investment is the underlying cause of carbon emissions change along with the economic development, which can make carbon emissions reach the turning point earlier. Therefore, we modify the EKC function by replacing the quadratic of income with the interaction of income and R&D investment, to investigate the moderating effects of R&D investment on the relationship between income and carbon emissions [35] , shown as
In addition, it would be better to analyze the moderating role of R&D investment per capita on income and carbon emissions per capita. Therefore, we remove population from Equation (3), shown as
where PCO2 is the carbon emissions per capita; PRD is the R&D investment per capita.
In Equation (3) and Equation (4), if β 1 is significantly positive and β 2 is significantly negative, then carbon emissions have a maximum turning point when income reaches −β 1 /β 2 ln RD, with other conditions unchanged. If β 2 is significant, the moderating effects of R&D investment exist. If β 1 + β 2 ln RD > 0, income increases carbon emissions, and if β 1 + β 2 ln RD < 0, income decreases carbon emissions. The turning point of income level depends on R&D investment, i.e., the higher the R&D investment, the lower income level needed to enhance for the carbon emissions decline.
Spatial Durbin Panel Model
Carbon emissions in a particular region can influence emissions in neighboring regions, so we further consider the spatial dependence of carbon emissions in 30 provinces of China. Spatial Durbin panel model (SDM) is more general than spatial lag model (SLM) or spatial error model (SEM) to control spatial dependence, because SDM includes both spatially lagged dependent variables and spatially weighted explanatory variables [46] . Since not only spatial dependence within the carbon emissions but also the determinants of carbon emissions such as population and income in one region are directly affected by neighboring regions, we need to consider both the spatially dependent and independent variables. Therefore, we first set up the SDM to identify which is the most appropriate model that tests the moderating effects of R&D investment on the relationship between income and carbon emissions, with
where x itk (k = 1, . . . , 8) denote ln pop it , ln patent it , ln FDI it , ln service it , ln coalc it , ln PGDP it , ln PGDP it * ln RD it , ln RD it , respectively.
where x itk (k = 1, . . . , 7) denote ln patent it , ln PFDI it , ln service it , ln coalc it , ln PGDP it , ln PGDP it * ln PRD it , ln PRD it , respectively. In Equation (5) and Equation (6), ρ is the spatial autoregressive coefficient; β k and θ k are parameters to be estimated. w ij is an element of the spatial weight matrix W. Spatial weight reflects the geographical or economic distance between two regions, and we use the geographical distance spatial weight contiguity matrix
Many empirical studies use the point estimates of the spatial regression model specifications (i.e., ρ and θ) to draw conclusions concerning the existence of spatial spillovers, which can lead to inaccurate conclusions [47] . A partial derivative interpretation of the impact from changes to the variables of different model specifications is proposed, which provides a more valid basis for obtaining spatial spillover effects. The partial derivatives of the dependent variable in the SDM with respect to the kth explanatory variable are [48] :
where E represents the identity matrix and E N represents the identity matrix of order N. The results in Equation (8) include the direct effects and the spatial spillover effects. If a particular explanatory variable in a particular region changes, not only will the carbon emissions in that region itself change (direct effect), but also the carbon emissions in other regions (spatial spillover effect). Every diagonal element of the matrix of partial derivatives represents a direct effect, and every off-diagonal element represents a spatial spillover effect. Before using the models, however, the existence of spatial dependence should be tested. Spatial dependence is measured by Moran's I statistics, which depend on the spatial weight matrices that reflect the geographic relationship or economic distance between observations in a neighborhood [49, 50] . Moran's I is given by
where N is the number of provinces; Y i and Y j are the carbon emissions in province i and j, and Y is the average amount of carbon emissions of all provinces; Moran's I index ranges from −1 to +1, with positive, negative, and 0 values indicating a positive, negative, no spatial correlation respectively. If the results of Moran's I confirm the spatial dependence for carbon emissions, the appropriate spatial models should then be set up to identify the spatial effects.
Data Definitions
We collected the panel data of 30 provinces in China (all except Tibet, Hong Kong, Macao and Taiwan) during 1998-2015.
To calculate carbon emissions, we applied the approach proposed by the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [51] related to the final consumption of natural gas, oil and coal in energy balance tables [1, 52] , with
where m = 1, 2, 3 represent the energy type of natural gas, oil, and coal, respectively; E m represents the energy consumption of m; F m denotes the carbon emission coefficient of energy m (0.4435, 0.5825, and 0.7476 for natural gas, oil, and coal, respectively); and 44/12 is the conversion coefficient from carbon to carbon dioxide. Therefore, the data used to calculate carbon emissions include final natural gas consumption, oil consumption, and coal consumption of the 30 Chinese provinces during the period of 1998-2015. GDP per capita, R&D investment, and actually utilized FDI are all at the 2005 constant CNY prices. The information about the definitions and data sources, and the descriptive statistics of all variables are provided in Table 1 . 
Empirical Results and Discussions
Model Tests
Test for Stationarity
To avoid the mistakes resulting from spurious regression problems, we employ the panel unit root test to examine whether each variable is stationary. We adopt Pesaran (2007) Panel Unit Root Test (CIPS) considering that it can address cross-sectional dependence [53, 54] . The results presented in Table 2 suggest the null hypothesis of non-stationarity for each variable cannot be rejected at the 5% significance level. Furthermore, we test if the first-order difference of each variable has the unit root, and the results indicate that the first-order differences of all variables are stationary without unit root at the 1% significance level, so the variables are integrated of order one I(1). 
Test for Spatial Dependence of Provincial Carbon Emissions
According to Equation (9), we calculate Moran's I to test for the existence of spatial dependence of provincial carbon emissions in China between 1998-2015. The results are provided in Table 3 , which shows that Moran's I is significantly positive every year. This implies carbon emissions in the 30 Chinese provinces have a positive spatial correlation on average.
Given that Moran's I only reveals the overall trend of spatial correlation, and cannot identify any idiosyncratic individual observations, Moran scatter plot is used to illustrate the relationship between each observation with its neighbors. Figure 1 shows Moran scatter for provincial carbon emissions in 2015. The provinces in Quadrants I and III both indicate a positive spatial correlation or a spatial cluster of similar carbon emissions. 11 high-emission provinces (36.7%) in Quadrant I with high-emission neighbors are those consume more coal in terms of both amount and proportion, such as Shanxi, Inner Mongolia, and Shandong. According to the National Bureau of Statistics of China, each of these three provinces consumed more than 360 million tons of coal every year, making up more than 70 percent of their total consumed energy in recent years. 7 provinces (23.3%) in Quadrant III represent low-emission provinces, mostly in the southwest (such as Sichuan, Yunnan, Guizhou, Qinghai, and Guangxi), with low-emission neighbors. 
36
The remaining points in Quadrants II and IV represent low-and high-emission provinces
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surrounded by high-and low-emission provinces respectively. They both stand for negative spatial
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correlations [55] . 12 provinces (40%) are in Quadrants II and IV, with provinces that include Beijing,
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Shanghai, and Tianjin being low-emission areas with high-emissions in neighboring provinces;
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Guangdong and Xinjiang are high-emission provinces with low-emission neighbors. The remaining points in Quadrants II and IV represent low-and high-emission provinces surrounded by high-and low-emission provinces respectively. They both stand for negative spatial correlations [55] . 12 provinces (40%) are in Quadrants II and IV, with provinces that include Beijing, Shanghai, and Tianjin being low-emission areas with high-emissions in neighboring provinces; Guangdong and Xinjiang are high-emission provinces with low-emission neighbors. the former testing for whether the SDM can be simplified to the SLM and the latter for whether the 56 SDM can be simplified to the SEM [46] . These can also be done by LR tests. Table 4 contains the results of these tests, indicating that the robust LM spatial lag rejects the Table 4 61 strongly rejecting the null hypotheses of simplifying the SDM to either the SLM or SEM. Therefore,
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the SDM is the most appropriate model specification for our estimation. Moran's I and the Moran scatter plot show that provinces' carbon emissions are significantly correlated and therefore appropriate spatial models need to be established. First, it is necessary to test for the presence of spatial effects. To do this, we conduct the Lagrange Multiplier (LM) tests for a spatially lagged dependent variable (LM spatial lag) and a spatial auto-correlated error term (LM spatial error) through the OLS regression of Equations (3) and (4), i.e., Models 1 and 2. If the results of LM tests reject the hypothesis of no-spatial lag or error effect, we need further estimate the SDM to conduct Wald tests and LR tests. The hypotheses of Wald include H 0 : θ = 0 and H 0 : θ + ρβ = 0, the former testing for whether the SDM can be simplified to the SLM and the latter for whether the SDM can be simplified to the SEM [46] . These can also be done by LR tests. Table 4 contains the results of these tests, indicating that the robust LM spatial lag rejects the null hypothesis of no-spatial lag effect in Model 1 and Model 2, and robust LM spatial error reject the null hypothesis of no-spatial error effect in Model 1 and Model 2. Then we estimate the SDMs, i.e., Models 3 and 4, according to Equations (5) and (6), with the Wald and LR test results in Table 4 strongly rejecting the null hypotheses of simplifying the SDM to either the SLM or SEM. Therefore, the SDM is the most appropriate model specification for our estimation. Table 5 provides the regression results of Models 1-2, and the point estimates of Models 3-4. According to Equation (8), by the partial derivative of the dependent variable with respect to the explanatory variables, we acquire the direct effects and more accurate spatial spillover effects from Models 3-4 ( Table 6 ). The direct effects denote the impact of the explanatory variables in a particular region on local carbon emissions, while the spatial spillover effects denote the impact of the explanatory variables in a particular region on the carbon emissions of its neighbors. The spatial autoregressive coefficient (W * ln CO2) is significantly positive in both Modes 3 and 4. The positive coefficients indicate that, on average, carbon emissions (per capita) in a particular province are positively influenced by its neighboring provinces. This result is consistent with Kang et al. [56] , who find that the carbon emissions in neighboring regions have a positive effect on local carbon emissions in China.
Regression Results with Spatial Effects
In addition, we further test whether the residuals are cross-section independence by the Pesaran CD test [57] . As shown in Table 5 
Direct Moderating Effects of R&D Investment
In terms of the direct effect of R&D investment on the relationship of income and carbon emissions, we combine Tables 5 and 6 to find that: R&D investment directly moderates the positive effect of income on carbon emissions in local provinces, and more R&D investment can enforce an earlier turning point for local carbon emissions. Specifically, from the direct effects results of Model 3 in Table 6 , the interaction of income and R&D investment contributes to decreasing carbon emissions because of the significantly negative coefficient −0.0154, and income has positive impact on carbon emissions because of the significantly positive coefficient 1.1053. The results indicate that, when the logarithmic GDP per capita is less than 1.1053/(0.0154 * ln RD), carbon emissions increase with increasing income; when the logarithmic GDP per capita is more than 1.1053/(0.0154 * ln RD), carbon emissions decrease with increasing income; and when the logarithmic GDP per capita is equal to 1.1053/(0.0154 * ln RD), carbon emissions reach the turning point with other conditions unchanged. In addition, in Model 1 without the spatial effect, the significantly negative coefficient of the interaction of income and R&D investment, as well as the significantly positive coefficient of income also indicate that, R&D investment moderates the effect that economic development increases carbon emissions: when the logarithmic GDP per capita is equal to 0.9247/(0.0466 * ln RD), carbon emissions reach the turning point with other conditions unchanged; when the logarithmic GDP per capita is more than 0.9247/(0.0466 * ln RD), carbon emissions decrease with increasing income.
The significantly positive direct effect of ln PGDP and the significantly negative direct effect of ln PGDP * ln PRD in Model 4 in Table 6 indicate that, when the logarithmic GDP per capita is less than 1.1567/(0.0153 * ln PRD), carbon emissions per capita increase with increasing income; when the logarithmic GDP per capita is more than 1.1567/(0.0153 * ln PRD), carbon emissions per capita decrease with increasing income; and when the logarithmic GDP per capita is equal to 1.1567/(0.0153 * ln PRD), carbon emissions per capita reach the turning point with other conditions unchanged. The results of Model 2 without the spatial effect also signify that more R&D investment per capita can constrain the increase of carbon emissions per capita, with carbon emissions per capita reaching the turning point when the logarithmic GDP per capita is 0.6951/(0.0299 * ln PRD).
From the results of traditional model and spatial model, we can draw a conclusion that income contributes to the carbon emissions increase, but the impact is restrained by R&D investment, and R&D investment moderates the impact even to the opposite direction. R&D investment is transformed into technological achievements, and promotes technological progress. The application of advanced technology is beneficial for cleanly and efficiently exploiting and utilizing energy, and improving production efficiency, which constrains the process of China releasing increased carbon emissions as economic development occurs. For the sake of saving energy and reducing carbon emissions, on the one hand, Chinese government is accelerating the R&D investment of energy saving and carbon emissions reduction technology; on the other hand, regulatory policies such as energy efficiency improvement and carbon emissions trading indirectly prompt enterprises to invest in low-carbon technologies. Therefore, with increasing incomes, R&D investment constrains the positive impact of income on carbon emissions. The moderating effects of R&D investment reflect that technological progress plays a vital role in the process of low carbon economic development.
Spatial Spillover Moderating Effect of R&D Investment
As for the spatial spillover moderating effect of R&D investment on the relationship of income and carbon emissions, we find that R&D investment in local provinces increases the positive influence of local income on neighboring carbon emissions. As is shown in Model 3 in Table 6 , the spatial spillover effect of the interaction term coefficient (W * ln PGDP * lnRD) is significantly positive, which indicates that the greater the local R&D investment, the stronger the influence of local income on neighboring carbon emissions. It should be noted that the spillover effects of income on neighboring carbon emissions (W * ln PGDP) are significantly positive in Model 3. Such a spillover effect of income on carbon emissions is expected to be positive, because income improvement in a region is inclined towards increasing incomes in the neighboring regions, which increases neighboring carbon emissions. From the results of Model 4 in Table 6 , the spatial spillover moderating effect of interaction term coefficient (W * ln PGDP * lnPRD) is significantly positive, and the spatial spillover effect of income (W * ln PGDP) on carbon emissions per capita is significantly positive, which also supports that R&D investment per capita increases the positive effect of local income on neighboring carbon emissions per capita.
Generally, more R&D investment increases the positive spatial spillover effect of local income on neighboring carbon emissions. This result indicates that the transfer effect of carbon emissions plays the dominate role rather than the knowledge spillover effect among the neighboring regions. Generally, regions with higher R&D investment have a relatively high level of economic development and environmental regulations. Rich regions with strict environmental regulations will transfer backward industries to the less regulated neighboring regions with relatively low levels in terms of economic development [58] , which promotes the carbon emissions increase in the neighboring regions. Furthermore, a relatively high technology level in a province decreases the competitiveness of enterprises with lower technology, and this type of enterprises may be built or operated in neighboring provinces with a lower competitiveness. Hence, carbon emissions experience an increase in these neighboring provinces with lagging technology or production efficiency. If the spatial effect is not considered, then the spillover moderating effect of R&D on income-CO2 will be neglected.
Direct and Spatial Spillover Effects of Other Influencing Factors
According to Table 6 , the direct and spillover effects of other influencing factors are:
(1) Coal consumption is the main driving force in increasing local carbon emissions, while the spatial spillover effect of energy structure on neighboring carbon emissions is insignificant. Specifically, the direct effects in Table 6 show a 1% decrease in the coal consumption/total energy consumption leads to an approximate 1.17% (1.14%) decrease in local carbon emissions (per capita), with other conditions unchanged. These results are similar to those of Zhang et al. [59] who also find coal consumption has a major positive effect on carbon emissions. This is because China's energy supply mainly depends on coal, and coal consumption is the main source of energy-related carbon emissions in China. However, the spatial spillover effects of energy structure in Models 3-4 are not significant. (2) 
Robust Analysis for the Moderating Effect of R&D Investment
To ensure whether the empirical results of the direct and spatial moderating role of R&D investment are robust, we further do the robust analysis of Models 3-4 in the three cases: (1) Use the economic distance as the spatial weight matrix rather than the geographical distance, i.e.,w ij = 1/ y i − y j , where y i and y j are the average regional income during the same period of provinces i and j. (2) Include the coal deposits (represented by coal production of 30 provinces during the sample period) as the explanatory variable, given that carbon emissions may be spatially clustered because the coal deposits are spatially clustered. Tables 7 and 8, respectively. For the direct moderating effect of R&D investment on income-carbon emissions, we can find that income promotes local carbon emissions due to the significantly positive coefficients of ln PGDP in both Tables 7 and 8 , whereas the coefficients of ln PGDP * ln RD in the three cases in Tables 7 and 8 are negative, with column (1) in Table 7 and all in Table 8 being significant at the 1% level. The results indicate that income promotes carbon emissions increases, but the impact can be constrained by the R&D investment, which is generally consistent with the findings of Model 3 and Model 4. As for the spatial moderating effect of R&D investment on income-carbon emissions, we can find that the coefficients of W * ln PGDP in the three cases in Tables 7 and 8 are positive, with column (3) in Table 7 and columns (2) (3) in Table 8 being significantly positive at the 1% level, moreover, the coefficients of W * ln PGDP * ln RD are significantly positive at the 1% level in all the cases. The results disclose that R&D investment promotes the effect that local income increases neighboring regions' carbon emissions, which confirms the findings of Model 3 and Model 4. Thus, we can conclude that the direct moderating effect of R&D investment can constrain the carbon emissions as income increases, whereas the spatial moderating effect of R&D investment promotes the neighboring carbon emissions increase. In addition, the findings that coal consumption is the main driving force in increasing local carbon emissions, and FDI and patents are the main constrained forces in increasing both local and neighboring carbon emissions are also supported. Note: ***, ** and * indicate significance at 1%, 5% and 10% level respectively. Data source: The coefficients and statistics are from the regression results of robust analysis in terms of Model 4.
Conclusions and Policy Implications
This paper develops a spatial Durbin model (SDM) to analyze the direct and spatial spillover moderating effects of R&D investment on the relationship between income and carbon emissions, and the direct and spillover effects of energy structure, FDI, and patents on carbon emissions by controlling the spatial dependence. This is applied to the data of 30 Chinese provinces during 1998-2015. The main findings are that:
(1) R&D investment constrains the positive effects of income on local carbon emissions.
The corresponding income level of the turning point in local carbon emissions depends on R&D investment, and more R&D investment results in carbon emissions reaching a turning point earlier.
Income contributes to the increase in local carbon emissions, but the impact is restrained by R&D investment, with R&D investment moderating the impact even to the opposite direction. (2) R&D investment in local provinces generally increases the positive influence of local income on neighboring carbon emissions, because the carbon emissions transfer effect driven by R&D investment plays the dominate role rather than the knowledge spillover effect. (3) The proportion of coal consumption to total energy consumption is the main driver of local carbon emissions. FDI and patents generally constrain carbon emissions not only in local provinces but also in neighboring provinces.
These results have policy implications, in that R&D investment can be enhanced in provinces where their economy develops at the cost of environmental quality, so that their carbon emissions reach a turning point earlier with the increase of income because of the moderating effect of R&D investment on low carbon economic development. In addition, provinces with lower income should not relax their environmental regulations in the case of alleviating the carbon emissions transfer effect; they should learn or absorb the technological innovation from the neighboring provinces to increase the knowledge spillovers effect. Policy makers can also reduce the appropriate proportion of coal consumption, and increase FDI and patents to reduce carbon emissions in both local and neighboring provinces.
Many opportunities exist for future work. For instance, further research could analyze the impact of some indicators on environmental pollution by considering the spatial weight matrix of economic relations rather than geographical locations. Other research can also be carried out to investigate the effects of energy-related technological progress or green technologies on environmental pollution.
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